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HEAT PUMP WATER HEATING SYSTEM 
INCLUDING A COMPRESSOR 
HAVING A VARIABLE CLEARANCE VOLUME 

1. Field of the Invention 

[0001] This invention generally relates to heat pump water heaters. More 
particularly, this invention relates to optimizing the performance of a heat pump water 
heater by varying a clearance volume of a compressor. 

2. Description of the Related Art 

[0002] Vapor compression heat pumps used as water heaters are known. 
More recently, carbon dioxide has been considered as a working fluid within the 
system that includes a compressor, a gas cooler heat exchanger, an expansion device 
and an evaporator heat exchanger. In a heat pump water heating system that uses 
carbon dioxide as the refrigerant fluid, super critical carbon dioxide rejects heat in the 
gas cooler to water that is then stored in a water heater tank. 

[0003] Such systems have a wide range of operating conditions. The 
ambient air temperature at the evaporator heat exchanger inlet may vary between 
-10°F in winter to 120°F in summer, for example. Correspondingly, the refrigerant 
evaporating temperature changes approximately from between -25°F to 100°F. As a 
result, the mass flow rate of the refrigerant in the summer can be on the order of eight 
to ten times higher than that in winter. The heating capacity can also be four to five 
times higher in the summer compared to that in the winter. 

[0004] The gas cooler and evaporator heat exchangers are designed to 
handle the changing refrigerant flow rates and heating capacities but they are 
optimized for the seasonal average condition, which may be 50°F, for example. The 
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performance of the gas cooler and evaporator heat exchangers is highly dependent on 
the mass flow rate of the refrigerant. Accordingly, these components do not have an 
optimal performance during ambient temperature conditions that vary from the 
selected design average temperature. 

[0005] There is a need for optimizing the capacity of a heat pump water 
heating system to achieve the best performance over a wide variety of operating 
ambient temperatures. This invention addresses that need by incorporating a variable 
clearance volume as part of a compressor that can be selectively controlled to control 
the mass flow rate of the refrigerant within the system. 

SUMMARY OF THE INVENTION 

[0006] In one example, a compressor designed for use in a heat pump 
water heating system includes a compression cylinder in fluid communication with a 
suction port and a discharge port of the compressor. A clearance volume portion is 
also in fluid communication with the compression cylinder. The clearance volume 
portion provides a selectively variable volume to receive refrigerant from the 
compression cylinder to control the mass flow rate of refrigerant out of the 
compression cylinder through the compressor discharge port. 

[0007] In one example, the clearance volume portion includes at least one 
moveable member within a clearance chamber that is moveable between a maximum 
and minimum position to selectively vary the volume available for receiving 
refrigerant from the compression cylinder. 

[0008] In one example, a controller utilizes information regarding the 
ambient temperature near the system and selectively controls the position of the 
moveable member such that the flow rate of refrigerant through the compressor 
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discharge port optimizes the performance of the heat pump system for the determined 
ambient temperature condition. 

[0009] One example method includes determining an ambient temperature 
in the vicinity of a heat pump water heater system and selectively altering the mass 
flow rate of refrigerant from a compressor in the system responsive to changes in the 
ambient temperature. 

[0010] The various features and advantages of this invention will become 
apparent to those skilled in the art from the following detailed description of the 
currently preferred embodiment. The drawings that accompany the detailed 
description can be briefly described as follows. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0011] Figure 1 schematically illustrates a heat pump water heating system 

designed according to an embodiment of this invention. 

[0012] Figure 2 schematically illustrates selected portions of the 

embodiment of Figure 1 showing schematic details of an example compressor 

designed according to an embodiment of this invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 
[0013] Figure 1 schematically illustrates an example vapor compression 
system 20 that can be used as a heat pump water heater system. The example system 
includes a compressor 22 that draws refrigerant into a suction port 24 and provides 
compressed gas under pressure to the compressor discharge port 26. The high 
temperature, pressurized gas flows through a conduit 28 to a gas cooler 30 where the 
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gas dissipates heat. The cooled refrigerant flows through a conduit 32 to an 
expansion device 34. 

[0014] In one example, the expansion device 34 operates in a known 
manner to allow the cooled refrigerant to be expanded and to partially evaporate and 
flow into a conduit 36 in the form of a cold, low pressure refrigerant. This refrigerant 
then flows through an evaporator where the refrigerant absorbs heat from ambient air 
that flows across the evaporator coils in a known manner. The refrigerant exiting the 
evaporator 38 flows through a conduit 40 to the suction portion 24 of the compressor 
22 where the cycle continues. 

[0015] In the example of Figure 1, the system 20 is used as a heat pump 
water heater. A supply of water 50 is directed by a pump 52 through a conduit 54 
toward the gas cooler 30. Although not specifically illustrated, water in the conduit 
54 flows through the gas cooler 30 and absorbs heat from the refrigerant flowing 
through the gas cooler 30. Heated water flows through a conduit 56 after exiting the 
gas cooler 30 and is stored in a heated water tank 58 that operates in a known manner. 

[0016] During high ambient temperature conditions, such as during the 
summer, the temperature of the ambient air is greater than the seasonal average 
condition. This increased ambient temperature increases the evaporating pressure and 
the refrigerant mass flow rate in the system 20. As a result, the temperature of the 
refrigerant exiting the gas cooler and the approach temperature, which is the 
temperature difference between the temperature of the refrigerant exiting the gas 
cooler 30 and the temperature of the water entering the gas cooler 30 in the conduit 
54, increase. The temperature of the refrigerant exiting the gas cooler 30 and the gas 
cooler effectiveness affect the efficiency of the heat pump system 20. Therefore, 



4 



60,246-260 
10,811 

EM #EV 220475195 US 

during high ambient temperature conditions, the performance of the gas cooler and 
the system generally decreases. 

[0017] The disclosed example embodiment of this invention addresses 
such a situation by increasing a variable clearance volume 60 in the compressor 22 to 
selectively decrease the mass flow rate of refrigerant in the system. This does not 
introduce any loss at the compressor. In other words, the disclosed approach is a loss- 
free control for optimizing system performance under a variety of ambient 
temperature conditions. 

[0018] By decreasing the mass flow rate, the refrigerant passes through the 
gas cooler 30 more slowly, which increases the energy exchange per unit mass of the 
refrigerant in the gas cooler. This increases the performance of the gas cooler. It 
must be noted, however, that as the mass flow rate is reduced, the fan power per unit 
mass of the refrigerant increases. Therefore, an optimal volume of the variable 
clearance volume 60 in the compressor 22 and a corresponding optimal mass flow 
rate of the refrigerant will achieve the best system performance for various 
environmental conditions. 

[0019] With this invention, the heat exchangers of the gas cooler 30 and 
evaporator 38 can be made smaller since the refrigerant mass flow rate at higher 
ambient temperature conditions can be decreased by controlling the clearance volume 
60 within the compressor. This provides cost savings because the parts are smaller 
and need not withstand such high pressure as in previous systems. 

[0020] Figure 2 schematically illustrates an example compressor 
arrangement that is useful with the embodiment of Figure 1, for example. The 
variable clearance volume 60 in this example includes a clearance chamber 62 and a 
moveable wall portion 64 within the chamber. The position of the wall portion 64 
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within the chamber 62 defines the volume of the chamber 62 to selectively control the 
amount of refrigerant that can be maintained within the chamber 62. In the illustrated 
example, an actuator 66 is capable of moving the wall portion 64 between a maximum 
position corresponding to a maximum volume within the chamber 62 and a minimum 
position corresponding to a minimum volume within the chamber 62. In one 
example, the minimum position corresponds to having the chamber 62 completely 
sealed off from receiving or maintaining any refrigerant (i.e., a zero volume). In one 
example, the actuator 66 comprises a solenoid. Other known devices for moving the 
wall portion 64 in a manner that will hold the wall portion in a desired position to 
withstand the pressures within the compressor 22 are known and within the scope of 
this invention. Given this description, the skilled artisan will be able to select 
components to meet their particular needs. 

[0021] The example compressor 22 is a reciprocating compressor having a 
compression cylinder 70 within which a piston 72 moves in a reciprocating manner. 
A conventional crank shaft arrangement 74 is responsible for movement of the piston 
72. Refrigerant is drawn in through the suction port 24 by controlling a suction valve 
76 in a known manner. Movement of the piston 72 within the compression cylinder 
pressurizes the gas within the compression cylinder 70 until it is discharged by 
controlling a discharge valve 78 associated with the discharge port 26 in a known 
manner. 

[0022] The variable clearance volume 60 is in fluid communication with 
the compression cylinder 70 through a port 80. 

[0023] The illustrated example includes a controller 90 in communication 
with a plurality of sensors for determining operating conditions associated with the 
system 20. In the illustrated example, a temperature sensor 92 and a pressure sensor 
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94 provide information to the controller 90 regarding an ambient temperature in the 
vicinity of portions of the system 20 and refrigerant pressure within selected portions 
of the system 20, respectively, for example. 

[0024] In one example, the controller 90 utilizes ambient temperature 
information within the vicinity of the system 20. In one example the controller 90 
determines the temperature of the air that is used in the evaporator 38. As the ambient 
temperature changes, the controller 90 preferably controls the actuator 66 associated 
with the wall portion 64 to selectively vary the clearance volume 60 within the 
chamber 62. This allows for a variable amount of refrigerant to be kept within the 
chamber 62 during operation of the compressor 22. For example, as the piston 72 
moves in a direction forcing compressed fluid out of the compression cylinder 
(upward according to the drawing), some of the fluid will be maintained within the 
clearance chamber 62 even though the discharge valve 78 is open to allow the fluid to 
flow out of the discharge port 26. 

[0025] Depending on the operating conditions of the system, such as the 
ambient temperature, the controller 90 controls the actuator 66 to control the position 
of the wall portion 64 within the chamber 62. For higher ambient temperatures, the 
system coefficient of performance can be maximized by reducing the mass flow rate 
of the refrigerant. Accordingly, the clearance volume is increased by the controller 90 
and the actuator 66. During lower ambient temperature conditions, the clearance 
volume can be reduced, minimized or completely eliminated to maximize the heating 
capacity of the system in one example, the controller 90 determines a pressure within 
the system 20 and uses the information when varying the clearance volume. Given 
this description, those skilled in the art will be able to select appropriate temperature 
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ranges and corresponding volumes of the variable clearance volume 60 to meet the 
needs of their particular situation. 

[0026] In one example, the controller 90 also controls the fan rate of the 
fan associated with the evaporator 38 along with controlling the variable volume 60 to 
achieve an optimum coefficient of performance for the system. 

[0027] The preceding description is exemplary rather than limiting in 
nature. Variations and modifications to the disclosed examples may become apparent 
to those skilled in the art that do not necessarily depart from the essence of this 
invention. The scope of legal protection given to this invention can only be 
determined by studying the following claims. 



8 



